THAT A HIGH DEGREE OF NUTRIENT SPATIAL HETEROGENEITY exists in soil resources, in a broad range of ecosystems, has been confirmed by studies dating back to the 1970s (Hall 1970 , Jackson & Caldwell 1992 , Gonzalez & Zak 1994 , Gross & Pregitzer 1995 . Further, this heterogeneity occurs at a scale that would allow an individual plant to experience a variety of belowground nutrient environments. Thus, the ability of a plant to increase nutrient uptake in nutrient-rich patches may be critical to its competitive success.
There are both morphological and physiological methods of foraging for edaphic resources (review in Robinson 1994) . In this study, morphological mechanisms of foraging are emphasized, in which changes in the rate and form of root growth allow a plant to take advantage of localized increases in nutrient availability. There are three mechanisms by which morphological foraging can occur: (1) increasing rooting density, (2) increasing the proportion of fine roots, and (3) increasing fine root turnover rates.
Root foraging is often limited to the frequently observed phenomenon of a plant's root system growing prolifically into areas of high nutrient concentration and relatively little into areas that are nutrient-poor. The existence of this type of foraging has been demonstrated in many studies (Hutchings 1988 , Cain 1994 , Caldwell 1994 , Einsmann et al. 1999 ; however, it is not universal and some plants show relatively little morphological change in response to increased nutrient availability (Jackson & Caldwell 1992 , Robinson 1994 .
While most roots act as a device for nutrient absorption, it is believed that young fine roots are more effective at this than their older, thicker counterparts and therefore responsible for the bulk of nutrient uptake (Nye & Tinker 1977 , Caldwell & Richards 1983 . This leads to the second form of foraging, in which there is an increase in the proportion of fine roots grown into an area in the presence of an increased resource supply.
Because younger, finer roots are most able to absorb nutrients, it may not be energetically worthwhile for a plant to maintain older, less efficient roots. Thus, fine root turnover may increase in a high nutrient environment (Braekke 1992 , Pregitzer et al. 1995 . This third mechanism of morphological root foraging involves not only an increase in fine root growth in nutrient rich areas but also increased root mortality. Root density is not necessarily changed.
This study examined the density and size distribution of roots (mechanisms 1 and 2) in response to three substrates of varying nutrient quality: clay, leaf litter, and dried cow manure. The nutrient content of clay was the lowest and that of manure the highest. The first two substrates, clay and leaf litter, are normally available to plants for rooting. The third treatment, cow manure, was used for its characteristic high availability and slow release of nutrients, traits that make it a popular form of organic fertilizer.
Given the mechanisms of root foraging, the length and diameter of roots growing into a substrate should be directly related to the nutrient quality of the substrate. This suggests two hypotheses about root ingrowth into the substrates tested: (1) root length should be longest in the manure treatment and shortest in the clay treatment; and (2) root diameter should be greatest in the clay treatment and least in the manure treatment. Since ca 80 percent of root biomass in this forest is found within the upper 20 cm of the mineral soil (B. Blair, pers. obs.), these hypotheses were tested using a root ingrowth technique to examine root proliferation into the three substrates within the top 20 cm of soil.
The experiment was conducted on a 20 ϫ 50 m plot within a wet tropical forest on the Caribbean coast of Nicaragua (11Њ53ЈN, 83Њ58ЈW; 20 m elev.), ca 15 km northwest of the city of Bluefields. Characterized by a patchwork of forest and farmland, this region on Nicaragua's agricultural frontier was struck in 1988 by a category four storm (Hurricane Joan) that severely damaged the forest. The forest's tree species (Ͼ60 spp. in a 1 ha plot) are dominated by species characteristic of wet tropical, primary growth rain forests (Vandermeer et al. 2000) . The area has a mean monthly temperature of 27ЊC and receives an average annual precipitation of 4800 mm. The forest's soils are Ultisols with a thin organic layer (Ͻ3 cm) and a moderately thick A horizon (15-20 cm). The wet season lasts for ten months with a short dry season from February through March. This experiment was conducted between March and June 1996.
The study utilized a root-ingrowth core method (Lund et al. 1970 , Steen 1991 , in which a fixed volume of a rooting substrate is packaged in root penetrable mesh bags. The filled bags or ''ingrowth cores'' are then incubated in holes established on the forest floor. After a predetermined period, the ingrowth cores are harvested, and the roots within the cores are analyzed.
In this experiment, three substrates were used: (1) clay subsoil obtained below the zone of influence of decomposing plant matter (Ͼ20 cm depth; low nutrient availability); (2) leaf litter collected in the surrounding forest (intermediate nutrient availability); and (3) dried cow manure collected from a nearby pasture (high nutrient availability). The substrates were packaged in cylindrical mesh bags (9 cm diam. ϫ 25 cm length; 5 mm mesh diam.) constructed from synthetic minnow seine (North American Sports Products, Detroit, Michigan). Bags were filled to equal volumes to minimize differences in surface area of each treatment. After packaging, the tops of the bags were tied shut with color-coded nylon string. Each treatment was replicated 20 times for a total of 60 ingrowth cores.
A sampling grid was created over the entire 20 ϫ 50 m transect, with sampling points at 4 m intervals. Substrates were allocated haphazardly to each grid point. At each site used for ingrowth core placement, the surface leaf litter was removed and a shallow hole (10 ϫ 20 cm) was created using a circular steel coring tube. An ingrowth core was placed in each hole and surrounding soil was firmly pressed down to fill gaps and ensure contact between the mineral soil and the substrate in each bag. Finally, the protruding top of the ingrowth core was marked with fluorescent spray paint for future identification and the previously removed leaf litter was placed over the treatment area.
The experiment was run for three and one-half months before harvest to allow roots to encounter and potentially proliferate into the three substrates. At the end of the designated period, cores were harvested using a small machete to cut roots from around the bags. Once removed, protruding roots were trimmed using scissors.
After harvest, all roots were carefully separated from the substrates and root lengths were measured for each ingrowth core using a line intersect technique (Newman 1966 , Tennant 1975 . Dead roots, although rare, were included in this analysis when present. Roots were separated into three diameter size classes (Ͻ1, 1-3, and 3-5 mm) so that total root length and root length by size class could be calculated. Variability of total root length within treatments was measured by the coefficient of variation (CV ϭ x/ SD). Differences in root length among the substrates were tested by one-way analysis of variance (AN-OVA), using log transformed data to meet assumptions of normality.
Five replicates of each substrate type were subsampled and mixed thoroughly. The resulting pooled subsamples were tested for nitrate nitrogen, total nitrogen, and available phosphorus as indicators of their nutrient content. Soil texture analysis was performed on the pooled subsample of the clay substrate. In addition, soil data from an adjacent plot were used to compare soil characteristics of the area with the substrates used in this experiment. Here, a 30 ϫ 50 m grid was established and samples of the top 20 cm of mineral soil were collected at 4 m intervals, for 104 samples. Average values were used for comparisons.
All analyses were done on air-dried substrate and soil. Nitrate nitrogen was determined using 5 g subsamples extracted with 2 M KCL (Tan 1996) and automated colorimetry (ALPKEM RFA 300, ALPKEM Corporation, Wilsonville, Oregon). Total nitrogen was determined by oxidizing 30 mg subsamples of ground soil/substrate in a C-H-N analyzer (NC2500, CE Instruments, Milan, Italy). Soil phosphorus was determined using 2 g subsamples extracted with 10 ml of Bray's solution (Olsen & Sommers 1982) and automated colorimetry (ALPKEM RFA 300). Soil texture was determined using the hydrometer method on 25 g soil subsamples (Tan 1996) . The USDA guide for soil textural classification was used for soil classification (Soil Survey Staff 1993) .
Soil analysis revealed substantial differences among the substrates' nutrient content (Table 1) . As expected, the manure substrate contained the highest quantities of the nutrients measured, the leaf litter contained intermediate amounts, and the clay was the most nutrient-poor. Mineral soil collected from the adjacent plot contained a greater quantity of nutrients than the clay substrate, but less than the leaf litter or manure substrates. Both the leaf litter and manure substrates had considerably higher nutrient contents than the clay substrate or mineral soil. This was particularly true of nitrate nitrogen, for which the leaf litter contained 28 times and the manure 43 times the amount of nitrate in the mineral soil. The texture analysis revealed that the clay fraction of the mineral soil averaged 59 percent and the clay fraction of the ''clay'' substrate averaged 67 percent (Table 1 ). All mineral soil samples were classified as clay, clay loam, or silty clay loam, with the majority of the samples in the clay category. The ''clay'' substrate was classified as clay.
The leaf litter and manure ingrowth cores had substantially greater root length in the size classes of less than 1 mm and 1-3 mm in diameter than cores containing the clay substrate (P Ͻ 0.0001; Table  2 ). Similarly, total root length was greater in the leaf litter and manure treatments than in the clay treatment (P Ͻ 0.0001; Table 2 ); however, in the largest size class (3-5mm diam.), no statistical differences were observed among substrates. In all size classes, there was a trend toward more roots in ingrowth cores containing manure than leaf litter, but these differences were not statistically significant.
Root length distributions among size classes were similar in the leaf litter and manure treatments. In these treatments, ca 80 percent of root lengths were in the smallest size class (Ͻ1 mm) and 20 percent were in the middle size class (1-3 mm). In contrast, the clay treatment had 67 percent of its roots in the smallest size class and 33 percent in the middle size class. Root diameter was thus skewed toward thicker roots in the low nutrient treatment. Less than 1 percent of root lengths were from roots greater than 3 mm in diameter in all treatments (Table 2 ).
All ingrowth cores had roots present at the time of harvest. Variability of root ingrowth among cores of each treatment showed the manure treatment to be highest (CV ϭ 85%), followed by the clay treatment (CV ϭ 79%) and finally, the leaf litter treatment (CV ϭ 72%).
It could be argued that a potential drawback of this study was the difference in textures among the three substrates used. If the low nutrient substrate (i.e., clay) had textural characteristics that inhibited root growth, the results would be confounded. Within this forest, however, the majority of the roots were found in the top 20 cm layer of mineral soil (B. Blair, pers. obs). While higher in nutrient content, the mineral soil was texturally similar to the clay substrate (Table 1) . Although the manure or leaf litter substrate may have promoted increased root growth, this suggests that the textural properties of the clay substrate alone did not inhibit it.
While this study suggests that some plant species within this Nicaraguan forest actively forage for nutrients, it is likely that there is a variety of foraging abilities among the species present and that some species do not actively forage. In the forest examined, plants with differing life-forms (woody and herbaceous) and successional status (early and late) were present. Robinson's (1994) review of root foraging studies found that 29 percent of the species examined showed little or no morphological response to patches of increased nutrient availability. Although most species tested in his study were herbaceous plants, other studies examining woody species have found similar results (Huante et al. 1998 , Einsmann et al. 1999 . Although some non-foraging species may rely on physiological foraging, it appears that nutrient heterogeneity varies temporally, possibly reducing the advantage of effective foraging during certain periods. For example, soil heterogeneity has been shown to vary seasonally (Gupta & Rorison 1975 , Ryle et al. 1996 and during natural succession (Gross et al. 1993) .
Within the forest studied here, roots grew more prolifically into substrates of higher nutrient content. Additionally, the proportion of fine roots (Ͻ1 mm) was greater in the richer substrates than in the nutrient-poor substrate. Following other root-ingrowth core experiments done in the wet tropics (St. John 1983 , Cueves & Medina 1988 , Raich et al. 1994 , Ostertag 1998 , these results are congruous with the previously discussed mechanisms of root foraging. This study supports the hypothesis that plants take advantage of nutrient patches by increasing total root length and fine root production. Further study is needed, however, to determine the ubiquitousness of the observed response among different plant types and its importance to plant competition.
